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MaOBJECTIVES This study sought to investigate the relationship between localization of high-intensity signals (HISs) on
T1-weighted imaging (T1WI) with the noncontrast magnetic resonance technique and plaque morphology detected on
optical coherence tomography, and the clinical severity of angina pectoris.
BACKGROUND Since the introduction of the T1WI noncontrast magnetic resonance technique for plaque imaging,
some groups have reported that HISs in the coronary artery on T1WI are associated with a vulnerable morphology and
future cardiac events. However, the association between the localization of HISs, such as coronary intrawall or intralu-
minal, and plaque morphology has not been investigated.
METHODS One hundred lesions with either stable or unstable angina were included and divided into 3 groups according
to the following criteria using T1WI. First, the plaques with the ratio between the signal intensities of coronary plaque and
cardiac muscle #1.0 were classiﬁed as non-HISs (n ¼ 39). Then, HISs with the ratio between the signal intensities of
coronary plaque and cardiac muscle >1.0 were classiﬁed into 2 types by using cross-sectional T1WI. Those localized
within the coronary wall when the lumen was identiﬁed were deﬁned as intrawall HISs (n ¼ 37), whereas those occupying
the lumen when the lumen was not, or even if only partly, identiﬁed, were deﬁned as intraluminal HISs (n ¼ 24).
RESULTS Multivariate analysis revealed that intrawall HISs were associated with macrophage accumulation and the
absence of calciﬁcation assessed by using optical coherence tomography. In contrast, thrombus and intimal vasculature
were independent factors associated with intraluminal HISs. Furthermore, 50% of patients with intraluminal HISs
experienced rest angina, such as Braunwald class II or III.
CONCLUSIONS This study shows that intrawall and intraluminal HISs on T1WI in patients with angina are related to the
different types of vulnerable plaque morphology and the clinical severity. (J Am Coll Cardiol Img 2015;8:1143–52)
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ABBR EV I A T I ON S
AND ACRONYMS
CAG = coronary angiography
HIS = high-intensity signal
MR = magnetic resonance
OCT = optical coherence
tomography
PMR = the ratio between the
signal intensities of coronary
plaque and cardiac muscle
TCFA = thin-cap ﬁbroatheroma
T1WI = T1-weighted imaging
UAP = unstable angina pectoris
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1144reported that coronary artery HISs on T1WI
are associated with a vulnerable morphology
and future cardiac events (8–11). However,
the association between the localization of
HISs, such as coronary intrawall or intra-
luminal, and plaque morphology was not
investigated in previous studies.
Optical coherence tomography (OCT) was
recently developed as a high-resolution im-
aging device for plaque characterization.
Several studies have already shown that OCT
allows the identiﬁcation not only of plaque
rupture, ﬁbrous cap thickness, and intra-
luminal thrombus, but also of macrophagesand intimal vasculature within atherosclerotic pla-
ques in vivo (12–14). Therefore, we hypothesized that
OCT might allow us to assess in detail the character-
istics of coronary intrawall and intraluminal HISs on
noncontrast T1WI. In this study, the term “localiza-
tion” was used as a differentiation between intrawall
and intraluminal, not suggesting the longitudinal
distribution of HISs along the course of the coronary
artery. The aim of this study was to investigate the
relationship between localization of coronary HISs on
noncontrast T1WI and plaque morphology detected by
OCT, and the clinical severity of angina pectoris.SEE PAGE 1153METHODS
PATIENTS. One hundred twenty-six consecutive pa-
tients with angina were prospectively enrolled in this
study between September 2010 and January 2014.
Patients with prior percutaneous coronary interven-
tion, coronary artery bypass grafting, an occluded
coronary vessel, or contraindications for MR were
excluded from the study. Patients eligible for an early
invasive strategy according to the American College
of Cardiology Foundation/American Heart Associa-
tion Guideline (elevated levels of cardiac biomarkers
and signs or symptoms of heart failure) were also
excluded. All patients underwent MR within 24 h
before the day on which invasive coronary angiog-
raphy (CAG) and OCT were performed. Of the 126
patients initially enrolled, 26 were excluded from the
analysis for technical reasons as follows: 23 patients
did not undergo OCT examination before percuta-
neous coronary intervention (11 had failure of OCT
crossing, 11 were eligible for coronary artery bypass
grafting, and 1 had an angiographically signiﬁcant left
main coronary stenosis), and 2 had MR images and 1
had OCT images that were of poor image quality and
thus could not be analyzed.Taking into account intrapatient correlations when
evaluating the data, 1 culprit lesion was used in the
analysis for any patient with more than 2 lesions.
Thus, 100 lesions from 100 patients who had angio-
graphically documented narrowing of at least 50% of
the luminal diameter of a major coronary artery on
CAG were examined in this study. Unstable angina
pectoris (UAP) was diagnosed in 58 patients according
to Braunwald criteria. Class I indicates new-onset
severe or accelerated exertional angina within 2
months (n ¼ 26); classes II (n ¼ 20) and III (n ¼ 12)
indicate angina at rest during the previous month.
The remaining stable angina pectoris group was made
up of 42 patients with chest pain typical of cardiac
ischemia on exertion that was clinically unchanged
for >2 months. The culprit vessel was identiﬁed based
on clinical, scintigram stress test and angiographic
data. Oral aspirin (100 mg) and clopidogrel (75 mg)
were administered on admission. Patients at high risk
were also treated with intravenous heparin, but no
patient was given thrombolytic agents.
The study was approved by the hospital ethics
committee, and informed consent was obtained from
all patients before the study.
MR CORONARY PLAQUE IMAGE ACQUISITION. Coro-
nary plaque imaging was performed using a 1.5-T MR
imager (Achieva, Philips Medical Systems, Best, the
Netherlands) with a 5-element cardiac coil. Nitroglyc-
erin (0.3 mg) was administered sublingually immedi-
ately before image acquisition to obtain high-quality
MR images. Initial survey images were focused around
the heart, following which the reference images
were obtained for the sensitivity of parallel imaging.
Transaxial cine MR images were then acquired using a
steady-state free-precession sequence with breath
holding, to determine the trigger delay time when the
motion of the right coronary artery was minimal.
First, to obtain detailed information on the loca-
tion of the target lesion, free-breathing, steady-state,
free-precession, whole-heart coronary MR angio-
graphic images were obtained (repetition time, 3.7
ms; echo time, 1.8 ms; ﬂip angle, 80; SENSE factor,
2.0; number of excitations, 1; navigator gating win-
dow of  2.0 mm with diaphragm drift correction;
ﬁeld of view, 300  255  120 mm [rectangular ﬁeld of
view, 85%]; acquisition matrix, 240  240; recon-
struction matrix, 512  512  160, resulting in an ac-
quired spatial resolution of 1.25  1.25  1.5 mm
reconstructed to 0.6  0.6  0.75 mm) (10).
Next, coronary plaque images were obtained
while the patients were breathing freely, by using a
3-dimensional T1WI, inversion-recovery, gradient-
echo technique with fat-suppressed and radial
k-space sampling in the Y-Z plane (repetition time,
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11454.4 ms; echo time, 2.0 ms; ﬂip angle, 20; SENSE
factor, 2.5; number of excitations, 2; navigator gating
window of  1.5 mm with diaphragm drift correction;
ﬁeld of view, 300  240  120 mm [rectangular ﬁeld of
view, 80%]; acquisition matrix, 224  224; recon-
struction matrix, 512  512  140, resulting in an ac-
quired spatial resolution of 1.34  1.34  1.7 mm
reconstructed to 0.6  0.6  0.85 mm) (8–11). The
patient-speciﬁc inversion time (409  50 ms) of the
inversion-recovery sequence was adjusted to null
blood signal by using a Look-Locker sequence. The
mean acquisition times for MR angiography and pla-
que imaging were 10  3 min and 16  3 min,
respectively.
MR CORONARY PLAQUE IMAGE ANALYSIS AND
CLASSIFICATION. The location of the target lesion
was determined by carefully comparing the CAG and
MR angiographic images, by using ﬁduciary points,
such as side branches. Once the target lesion had
been conﬁrmed with the coronary MR angiography,
the areas corresponding to the above site in the cor-
onary T1WI were carefully matched according to the
surrounding cardiac and chest wall structures. Then,
the ratio between the signal intensities of coronary
plaque and cardiac muscle was calculated (PMR,
deﬁned as the highest signal intensity of the coronary
plaque divided by the signal intensity of the left
ventricular muscle near the coronary plaque, mea-
sured by placing a freehand circular region of interest
on a standard console of the clinical MR system)
(8,10,11). Areas with PMR #1.0 were classiﬁed asFIGURE 1 Localization of Coronary HISs on T1-Weighted Imaging
(A) Intrawall HIS (arrows), which was localized within the coronary wall; t
which occupied the lumen; the lumen was not identiﬁed. HIS ¼ high-intnon-HISs. HISs with PMR >1.0 were then classiﬁed
into 2 types, according to the localization of HIS, by
using cross-sectional coronary T1WI.
Intrawall HIS was deﬁned as a signal localized
within the coronary wall, with the lumen identiﬁed
as a black hole through the HIS site; intraluminal
HIS was deﬁned as a signal occupying the lumen,
when the lumen was not, or even if partly, identiﬁed
(Figure 1). The MR coronary image dataset was
analyzed by 2 experienced cardiologists who were
blinded to the plaque information obtained by OCT
and the clinical data. In case of disagreement, con-
sensus was reached by an additional joint reading.
The interobserver and intraobserver coefﬁcients of
variation for measurement of the PMR were reported
in our previous study (10), and the k values for in-
terobserver and intraobserver agreements with re-
gard to classiﬁcation of HIS types as intrawall or
intraluminal were 0.89 and 0.93, respectively.
OCT IMAGE ACQUISITION AND ANALYSIS. OCT im-
ages were obtained of the culprit lesion, as previously
deﬁned. Thrombolysis or thrombectomy was not
performed for any patient. The OCT images were ac-
quired using a commercially available time-domain
(M2 Cardiology Imaging system, LightLab Imaging,
Inc., Westford, Massachusetts) or frequency-domain
(ILUMIEN/ILUMIEN OPTIS OCT Intravascular Imag-
ing System, St. Jude Medical, St. Paul, Minnesota)
OCT system, as previously described (12–14).
OCT image analysis was performed by 2 experi-
enced observers who were blinded to the clinicalhe lumen was identiﬁed as a black hole. (B) Intraluminal HIS (arrows),
ensity signal.
TABLE 1 Clinical Characteristics and Angiographic Findings in Each Type of HIS
Non-HIS
(n ¼ 39)
Intrawall HIS
(n ¼ 37)
Intraluminal HIS
(n ¼ 24) p Value
PMR 0.85 (0.74–0.92) 1.48 (1.18–1.85) 2.02 (1.53–2.70) <0.0001
Age, yrs 67.0  10.9 67.0  10.6 69.0  6.9 0.62
Male 26 (67) 28 (76) 18 (75) 0.64
Hypertension 29 (74) 32 (86) 14 (58) 0.046
Dyslipidemia 23 (59) 25 (68) 15 (63) 0.74
Diabetes mellitus 16 (41) 14 (38) 8 (33) 0.83
Smoking 21 (54) 25 (68) 20 (83) 0.054
Culprit vessel 0.008
LAD 23 (58) 21 (57) 12 (50)
LCx 8 (21) 0 (0) 1 (4)
RCA 8 (21) 16 (43) 11 (46)
Percent diameter stenosis 68.9  9.2 69.2  8.9 74.7  8.2 0.029
Values are median (interquartile range), mean  SD, or n (%).
HIS ¼ high-intensity signal; LAD ¼ left anterior descending coronary artery; LCx ¼ left circumﬂex coronary
artery; PMR ¼ signal intensity of coronary plaque to cardiac muscle ratio; RCA ¼ right coronary artery.
TABLE 2 OCT Findin
Lipid-rich plaque
Lipid length, mm
Lipid arc, degree
Minimum ﬁbrous cap
thickness, mm
TCFA
Plaque rupture
Calciﬁcation
Thrombus
Red thrombus
White thrombus
Macrophage accumulat
Intimal vasculature
Values are n (%) or median
OCT ¼ optical coherence
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1146information, using previously established criteria for
OCT plaque characterization (12–14). The presence of
lipid, thin-cap ﬁbroatheroma (TCFA), plaque rupture,
calciﬁcation, thrombus, macrophage, and intimal
vasculature on OCT images was evaluated within a
10-mm-long culprit lesion segment (5 mm proximal
and 5 mm distal to the culprit lesion site with the
smallest lumen cross-sectional area), in accordance
with previous reports (10,13). If there was a discor-
dance between the diagnosis of the 2 observers, a
consensus diagnosis was obtained by using repeated
off-line readings. When lipid characterized by signal-
poor regions with diffuse borders was present over
$90 in any of the cross-sectional images, it was
considered a lipid-rich plaque. For each plaque, thegs in Each Type of HIS
Non-HIS
(n ¼ 39)
Intrawall HIS
(n ¼ 37)
Intraluminal HIS
(n ¼ 24) p Value
13 (33) 28 (76) 19 (79) <0.0001
0 (0–6.5) 5.1 (1.5–8.7) 7.5 (4.7–9.9) 0.0005
0 (0–157) 175 (97–256) 174 (126.5–251.5) 0.0004
100 (50–140) 75 (50–140) 60 (45–85) 0.22
6 (15) 15 (41) 13 (54) 0.0039
5 (13) 7 (19) 10 (42) 0.023
29 (74) 15 (41) 12 (50) 0.0097
2 (5) 7 (19) 18 (75) <0.0001
1 (50) 3 (43) 10 (56)
1 (50) 4 (57) 8 (44)
ion 10 (26) 26 (70) 15 (63) 0.0002
6 (15) 17 (46) 17 (71) <0.0001
(interquartile range).
tomography; TCFA ¼ thin-cap ﬁbroatheroma; other abbreviations as in Table 1.largest lipid arc and lipid length were measured.
TCFA was deﬁned as a lipid-rich plaque with a ﬁbrous
cap thickness measuring #65 mm. Plaque rupture was
deﬁned as an intimal interruption and cavity forma-
tion in the plaque. Calciﬁcation was deﬁned as a well-
delineated, signal-poor region with sharp borders.
Thrombus was deﬁned as an irregular high- or low-
backscattering mass protruding into the lumen.
Thrombus type was further classiﬁed as either red
or white. Red thrombus was deﬁned as a high-
backscattering protrusion with signal-free shadow-
ing in the OCT images. White thrombus was deﬁned
as a signal-rich, low-backscattering projection.
Macrophage accumulation was deﬁned as bright
spots with high OCT backscattering signal variances.
Intimal vasculature was deﬁned as a black hole or a
tubular structure within a plaque. Plaque rupture,
calciﬁcation, thrombus, macrophage, and intimal
vasculature were assessed only for whether they were
present or absent. The interobserver and intra-
observer agreement measured as a k statistic for each
plaque characterization detected by OCT were also
reported in our previous study (10).
STATISTICAL ANALYSES. Continuous data are pre-
sented as mean  SD or median and interquartile
range for non-normally distributed data. Compari-
sons of variables among the 3 groups were performed
using one-way analysis of variance or the Kruskal-
Wallis test when the variance was heterogeneous.
Categorical variables were compared using the chi-
square test. Independent predictors of intrawall HIS
or intraluminal HIS were identiﬁed by entering all
variables associated with a probability value <0.10
in the univariate analysis into a logistic regression
analysis. The odds ratio and its 95% conﬁdence in-
terval for signiﬁcant independent variables in the
multivariate analysis were calculated. All calculations
were performed using SPSS version 22.0 (SPSS, Chi-
cago, Illinois) and p values <0.05 were considered
signiﬁcant.
RESULTS
LOCALIZATION OF HISs AND CLINICAL CHARAC-
TERISTICS, ANGIOGRAPHIC, AND OCT FINDINGS. Of
100 lesions from 100 patients, 37 patients (37%) had
intrawall HIS, whereas intraluminal HIS was observed
in 24 patients (24%). The remaining 39 patients (39%)
had non-HIS lesions. Table 1 shows the baseline
clinical characteristics and angiographic ﬁndings in
patients with intrawall or intraluminal HIS, and non-
HIS. The PMR was signiﬁcantly higher in both types of
HIS lesion than in non-HIS lesions. Moreover, the
PMR of intraluminal HIS was signiﬁcantly higher than
TABLE 3 Univariate and Multivariate Logistic Regression Analysis
Univariate Analysis Multivariate Analysis
OR 95% CI p Value OR 95% CI p Value
Total HISs compared with non-HISs
RCA 3.1 1.2–7.8 0.018 0.36
Lipid-rich plaque 6.7 2.7–16.4 <0.001 0.41
TCFA 4.7 1.7–12.8 0.002 0.69
Plaque rupture 2.6 0.88–7.80 0.088 0.78
Calciﬁcation 0.27 0.11–0.66 0.004 0.24 0.076–0.740 0.013
Thrombus 12.8 2.8–58.2 <0.001 10.2 1.7–60.9 0.011
Macrophage accumulation 5.9 2.4–14.6 <0.001 0.055
Intimal vasculature 6.9 2.5–18.9 <0.001 0.33
Intrawall HISs compared with non-HISs
RCA 3.0 1.1–8.1 0.048 0.35
Lipid-rich plaque 6.2 2.3–17.0 <0.001 0.24
TCFA 3.8 1.3–11.1 0.021 0.55
Calciﬁcation 0.24 0.089–0.620 0.005 0.20 0.058–0.720 0.014
Thrombus 4.3 0.83–22.3 0.082 0.14
Macrophage accumulation 6.9 2.5–18.8 <0.001 5.7 1.3–24.4 0.019
Intimal vasculature 4.7 1.6–13.8 0.006 0.78
Intraluminal HISs compared with non-HISs
RCA 3.3 1.1–10.0 0.048 0.089
% diameter stenosis 1.1 1.0–1.1 0.019 0.32
Lipid-rich plaque 7.6 2.3–25.0 0.001 0.18
TCFA 6.5 2.0–21.2 0.002 0.35
Plaque rupture 4.9 1.4–16.8 0.014 0.10
Calciﬁcation 0.35 0.12–1.00 0.061 0.16
Thrombus 55.5 10.2–303 <0.001 46.6 3.6–604.0 0.003
Macrophage accumulation 4.8 1.6–14.5 0.007 0.82
Intimal vasculature 13.4 3.9–46.0 <0.001 11.5 1.1–125.0 0.045
CI ¼ conﬁdence interval; OR ¼ odds ratio; other abbreviations as in Table 1.
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1147that of intrawall HIS. There were no signiﬁcant dif-
ferences in age, sex, or presence of risk factors,
except for hypertension, among the 3 groups. The
distribution of the culprit vessel was signiﬁcantly
different. Both types of HIS were observed more
frequently shown in the right coronary artery and less
frequently in the left circumﬂex artery than non-HIS.
The percent diameter stenosis was signiﬁcantly
greater in the lesions with intraluminal HISs than in
non-HIS lesions.
The relationship between intrawall or intraluminal
HIS and non-HIS on T1WI and plaque morphology
assessed by OCT is shown in Table 2. The frequency
of lipid-rich plaque, TCFA, plaque rupture, calciﬁca-
tion, thrombus, macrophage, and intimal vasculature
differed signiﬁcantly among the 3 groups. In both
types of HIS lesion, the frequency of lipid-rich plaque,
TCFA, and macrophage accumulation was higher than
in non-HIS lesions. The frequency of plaque rupture,
thrombus, and intimal vasculature was highest in
intraluminal HIS lesions. In contrast, the frequency of
calciﬁcation was highest in non-HIS lesions.FACTORS RELATED TO THE LOCALIZATION OF HISs.
Multivariate logistic regression analyses were per-
formed to identify independent factors associated
with total HISs, and intrawall or intraluminal HISs,
compared with non-HISs (Table 3). Total HISs were
associated with thrombus and the absence of calciﬁ-
cation. Intrawall HISs were associated with macro-
phage accumulation (p ¼ 0.019) and the absence of
calciﬁcation (p ¼ 0.014). In contrast, thrombus
(p ¼ 0.003) and intimal vasculature (p ¼ 0.045) were
independent factors associated with intraluminal HISs.
A representative case of an intrawall HIS lesion on
T1WI compared with plaque morphology on OCT is
shown in Figure 2. Whole-heart coronary MR angi-
ography and CAG show a severe coronary stenosis in
the mid right coronary artery. The area correspond-
ing to the vessel wall in the stenotic lesion shows
HIS on T1WI. Macrophage accumulation was detec-
ted by OCT, and calciﬁcation was not present in the
culprit lesion. Figure 3 shows a case of an intra-
luminal HIS lesion. In this case, the HIS lesion
occupying the lumen in the left anterior descending
FIGURE 2 A Representative Case of an Intrawall HIS Lesion on T1-Weighted Imaging Compared With Plaque Morphology on Optical Coherence Tomography
(A) Whole-heart coronary magnetic resonance angiography showed signiﬁcant stenosis in the mid right coronary artery (arrow). (B to D) Coronary T1-weighted imaging
demonstrated intrawall HIS (arrows) (B, oblique; C, axial; D, long-axis image). (E) Fused image showed intrawall HIS (circle) in the area corresponding to the severe
stenosis. (F) Coronary angiography revealed severe coronary stenosis (circle) in the mid right coronary artery. (G and H) The optical coherence tomography examination
showed macrophage accumulation (arrowheads), and noncalciﬁed lipid-rich plaque in the corresponding area of intrawall HIS. Abbreviation as in Figure 1.
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1148coronary artery contained a large thrombus and
intimal vasculature.
LOCALIZATION OF HISs AND CLINICAL SEVERITY
OF ANGINA PECTORIS. Figure 4 shows the correla-
tion between the localization of HISs and the clinical
severity of coronary syndromes. Among patients with
intrawall HIS, intraluminal HIS, and non-HIS, the
distribution of the clinical severity of angina accord-
ing to Braunwald classiﬁcation was signiﬁcantly dif-
ferent (p < 0.03) (Figure 4A). The 59% of patients with
non-HISs were clinically diagnosed with stable angina
pectoris. However, in patients with intrawall HISs
the frequency of UAP was greater. Moreover, 50% of
patients with intraluminal HISs experienced rest
angina, such as Braunwald class II or III.
From the opposite point of view, according to the
clinical severity, the frequency of the HIS classiﬁca-
tion was again signiﬁcantly different (Figure 4B). In
patients with UAP with Braunwald class II or III
angina, the frequencies of intrawall and intraluminal
HIS were nearly equal. In patients with UAP with
class I, the frequencies of intrawall HIS and non-HISwere nearly equal. Conversely, in patients with sta-
ble angina pectoris, non-HIS lesions were the most
frequent (55%).
DISCUSSION
To the best of our knowledge, this is the ﬁrst study to
show a relationship between the localization of cor-
onary HISs on T1WI, plaque morphology assessed by
OCT, and the clinical severity of angina pectoris.
Kawasaki et al. (8), using intravascular ultrasound
and multislice computed tomography, reported that
coronary HIS on T1WI was associated with a high fre-
quency of low attenuation and positive remodeling.
Jansen et al. (9) demonstrated that 10 of 18 patients
who suffered acute myocardial infarction within 72 h
after the initial onset of symptoms were found to have
intracoronary thrombus as detected by invasive CAG,
and that HIS on T1WI correctly identiﬁed intra-
coronary thrombus. Recently, although only in a small
number of patients, we also demonstrated a direct
association between coronary HISs on T1WI and the
FIGURE 3 A Representative Case of an Intraluminal HIS Lesion on T1-Weighted Imaging
(A) Whole-heart coronary magnetic resonance angiography showed signiﬁcant stenosis in the proximal left anterior descending coronary artery (arrow). (B to D)
Coronary T1-weighted imaging demonstrated intraluminal HIS (arrows) (B, oblique; C, axial; D, short-axis image). (E) Fused image showed intraluminal HIS (circle) in the
area corresponding to the severe stenosis. (F) Coronary angiography revealed severe coronary stenosis (circle). (G and H) The optical coherence tomography examination
showed intracoronary thrombus (asterisk) and intimal vasculature (arrowheads) in the corresponding area of intraluminal HIS. Abbreviation as in Figure 1.
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1149presence of intracoronary thrombus as detected
through OCT (10). In the present study population,
multivariate analysis revealed that thrombus and
intimal vasculature were independent factors associ-
ated with intraluminal HISs. The presence of intimal
vasculature in ruptured and hemorrhagic plaques may
predispose to thrombus formation. Findings from
previous reports (9,10) and our present study indicate
that the presence of early intracoronary thrombus
containing methemoglobin can produce T1 short-
ening, which might be related to the intraluminal HIS
formation on T1WI.
In contrast, the relationship between intrawall
HISs and plaque morphology remains unclear. His-
topathologic studies using carotid endarterectomy
specimens demonstrated that intrawall HIS on T1WI
was a marker of carotid complicated plaque with
methemoglobin in intraplaque hemorrhage (5–7).
Several lines of evidence have suggested that an in-
crease in the amount of lipid core, mechanical
stresses, overproduction of oxygen free radicals by
macrophages, and lack of calciﬁcation could lead tobreakdown of microvessels and intraplaque hemor-
rhage production (3,4). Our present multivariate
analysis demonstrated that intrawall HIS was related
not only to the presence of macrophages, but also to
a lack of calciﬁcation. Moreover, we showed that in
intrawall HIS lesions, the presence of lipid-rich pla-
ques (intrawall HIS, 76%; non-HIS, 33%) and intimal
vasculature (intrawall HIS, 46%; non-HIS, 15%) was
more frequent than in non-HIS lesions, although
these differences were not statistically signiﬁcant by
multivariate analysis.
Taking previous data together with our present
ﬁndings, one can speculate that coronary intrawall
HISs on T1WI may indicate intraplaque hemorr-
hage associated with inﬂammation. Some observa-
tions indicate that hemorrhage components appear as
signal-poor OCT regions that must be distinguished
from lipid necrotic pools (15). On the current OCT
imaging, the discrimination of hemorrhage and lipid
component and the identiﬁcation of intimal vascula-
ture, which were present within hemorrhage or had a
smaller size, with a diameter of <50 mm, are major
FIGURE 4 The Correlation Between the Localization of HISs and the Clinical Severity
of Angina Pectoris
A
Non-HIS Intrawall HIS Intraluminal HIS
B
Stable Angina Braunwald Class I Braunwald Class II or III
The Braunwald classification: Stable angina Class I Class II or III
Types of HISs: Non-HISs Intrawall HISs Intraluminal HISs
18%
59%
38%
27%
29%
21%
22%
40%
38%
27%
35%
38%
33% 55%
12%
50%
35%
23%
(A) The distribution of the clinical severity of angina, according to Braunwald classiﬁcation,
among patients with intrawall HIS, intraluminal HIS, and non-HIS. (B) From the opposite
point of view, the distribution of the HIS classiﬁcation according to the clinical severity.
Abbreviation as in Figure 1.
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1150issues that require additional validation studies using
histopathologic materials from coronary rather than
carotid arteries.
Questions arise concerning what appears as HIS on
T1WI, or why there are differences in PMR values
between intrawall and intraluminal HISs. At this
stage, it is fair to state that this remains speculative.
Methemoglobin from hemoglobin breakdown after
erythrocyte extravasation under the various intra-
plaque environments has been proposed to account
for the high signal intensity of intraplaque hemor-
rhage. Therefore, intraplaque hemorrhage includes
components of different ages and volumes of me-
themoglobin (4,7). In contrast, when intraluminal
thrombus is formed, intact erythrocytes are trapped
within a mesh of platelets and ﬁbrin. Moreover,
intraluminal thrombus formation develops from
plaque rupture based on the presence of vulnerable
complex plaques, associated with a necrotic core
and intraplaque hemorrhage. However, the signal
intensity of thrombus on T1WI varies according to
thrombus age. Habs et al. (16) reported that multi-
contrast MR imaging with T1WI is useful for deter-
mining the age of arterial hematoma in patients with
spontaneous cervical artery dissection and classifycases into four stages: 1) acute (#3 days); 2) early
subacute (>3 days); 3) late subacute (>7 days); and 4)
chronic (>14 days). In their study, acute hematoma
produced hypointensity on T1WI. By contrast, early
or late subacute hematoma produced hyperintensity
on T1WI. Finally, the signal intensity in the chronic
stage was hypointense on T1WI. This might explain
why some patients have intraluminal thrombus on
OCT but no HIS on T1WI. Thus, the proportion, age,
and volume of erythrocytes, including methemo-
globin, may determine the PMR values. Noguchi et al.
(11) demonstrated that a PMR cutoff value of 1.4 was
best for identifying vulnerable coronary plaques
associated with future cardiac events. Moreover, their
stratiﬁed analysis using PMR values of 1.0 and 1.4
revealed that the incidence of cardiac events was well
differentiated: 25.8% for PMR $1.4, 8.4% for PMR
1.0 to 1.4, and 1.1% for PMR <1.0. Thus, HISs with a
higher PMR are likely to represent vulnerable plaques
that develop into cardiac events (11).
Previous angiographic studies have revealed that
the incidence of angiographic evidence of complex
lesions and/or thrombosis rose progressively with
higher UAP classes (17). However, at the same time,
these studies showed that, even in Braunwald class I,
one-third of these patients had a complex lesion. The
present study demonstrated that in patients with
UAP with Braunwald class II or III the frequencies of
intrawall HIS and intraluminal HIS were nearly equal,
whereas intrawall HIS was the most frequent in class I.
Our observation is of considerable interest, because it
seems that the presence and localization of HISs in a
coronary artery is related to the clinical severity
of angina pectoris, as well as plaque vulnerability.
Moreover, these observations could be of help in the
identiﬁcation of lesions or patients at high risk, which
could lead to more appropriate risk-stratiﬁcation and
treatment. T1WI is a promising tool for the in vivo
detection of vulnerable plaques associated with
thrombus or intraplaque hemorrhage. Intraplaque
hemorrhage has been associated with more rapid
growth of the lipid core and accelerated enlargement
of the plaque size, resulting in luminal narrowing
(6,7). If it was possible to identify patients with
intraplaque hemorrhage in the coronary arteries, that
could prove invaluable in optimizing treatment stra-
tegies for atherosclerosis. Furthermore, it has already
been reported that HISs on T1WI are signiﬁcantly
associated with coronary events (11). Therefore, this
reﬁnement in the judgment and interpretation of
HISs provides incremental value to the MR evaluation
of coronary atherosclerotic plaques.
STUDY LIMITATIONS. First, because an inversion-
recovery gradient-echo sequence is used for the
PERSPECTIVES
COMPETENCY IN MEDICAL KNOWLEDGE: The localization
of HISs, such as coronary intrawall or intraluminal, on T1WI with
the noncontrast MR technique is related to the different types of
vulnerable plaque morphology assessed through OCT and the
clinical severity of angina pectoris. This reﬁnement in the judg-
ment and interpretation of HISs provides incremental value to
the MR evaluation of coronary atherosclerotic plaques.
TRANSLATIONAL OUTLOOK: The proportion, age, and vol-
ume of erythrocytes, including methemoglobin, may determine
the PMR values. Further studies are needed to establish the
appropriate PMR cutoff value for identifying vulnerable plaque
and staging of intraluminal thrombus or intraplaque hemor-
rhages in vivo.
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1151T1WI, issues with spatial resolution and partial vol-
ume effect could provide artifacts that look like HIS.
It is sometimes difﬁcult to discriminate the localiza-
tion of HIS, although the k value for this ﬁnding be-
tween investigators was sufﬁciently high. Moreover,
in cases where the lumen was not, or even if partly,
identiﬁed, they were classiﬁed into intraluminal
HISs. This method of analysis might have masked
important ﬁndings and potentially led to inaccurate
results. Second, in the present study, areas with PMR
>1.0 were deﬁned as HIS. Using this deﬁnition, the
median PMR of intrawall HISs was 1.48, and this
prevalence was 37%, relatively high. Further studies
are needed to establish the appropriate PMR cutoff
value for identifying vulnerable plaque and predict-
ing future cardiac events.
Third, because no comparison with histopathologic
data was performed in this study, the precise char-
acterization of both types of HISs remains unknown.
In particular, macrophage accumulation was not
quantiﬁed or rigorously validated. Therefore, the re-
sults should be interpreted with caution. Fourth,
MR imaging visualizes the entire wall, albeit with a
limited spatial resolution. Meanwhile, OCT cannot
visualize as deeply within some lipid-containing
plaques because of the poor axial penetration.
Nevertheless, OCT is acknowledged as one of the
most reliable tools for assessment of coronary plaque
characterization. Moreover, because the most impor-
tant morphological determinants of plaque vulnera-
bility are superﬁcial, the region of greatest interest
was still within the imaging range of the current OCT
system. We consider, therefore, that the quality of
both coronary MR and OCT data obtained by using
this approach is sufﬁciently high enough to validate
our conclusion. Last, patients eligible for an early
invasive strategy or without an OCT examination
before percutaneous coronary intervention because
of crossing failure, were excluded from this study.Therefore, our results were limited by selection bias
and may not apply to such patients.
CONCLUSIONS
This study shows that intrawall and intraluminal
HISs on T1WI in patients with angina are related to
the different types of vulnerable plaque morphology
assessed through OCT and the clinical severity.
This novel concept regarding the localization of cor-
onary HISs could impact on treatment strategies for
atherothrombotic disease and may be useful for un-
derstanding the pathophysiological mechanisms of
atherothrombotic plaque formation.
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